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Abstract  
 
Excitation functions were measured for the natSr(d,x)88,87m,87g,86g,85gY,  87m,85g,83g,82Sr, 86g,84g,83,82m, 
81gRb  reactions by the stacked foil activation technique and high-resolution gamma-spectrometry 
up to 50 MeV. We present the first experimental activation cross section data for all investigated 
reactions. Our experimental data are compared with the TALYS code results as available in the 
TENDL-2015 on-line library. Use of deuteron induced reactions on Sr for production of medical 
isotopes is discussed. 
Keywords: Strontium target; deuteron induced reactions; Yttrium, strontium and rubidium 
radioisotopes; cross section; physical yield; medical radioisotopes 
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Introduction 
We are performing a systematic study of activation cross- sections of light charged particle induced 
reactions. The aim is to get reliable experimental data for optimizing production of specific 
radionuclides for different applications and to consolidate the database allowing improvement of 
theoretical models.  In the present work we report experimental cross section data for deuteron 
induced reactions on strontium. The investigated activation radio-products are of interest in 
different applications: 
90Y is widely used in brachytherapy and radioimmunotherapy but does not emit photons for 
imaging (Wiseman et al., 1999); 
87Y is a -emitting isotope that can be used to quantify the biodistribution of pharmaceuticals;  
88Y is a -emitting isotope used for calibration source 
86Y is a positron emitting isotope that can be used  to quantify regional kinetics of yttrium via positron 
emission tomography (PET). 
87mSr can be used in both diagnostic and therapeutic techniques for various skeletal diseases  
83Sr is + emitter, potentially useful radionuclide for therapy planning prior to the use of the longer 
lived + emitter 89Sr.  
82Sr is used exclusively to manufacture 82Sr/82Rb generators widely used in PET myocardial 
perfusion imaging 
85Sr is a -emitting isotope used for calibration source 
86Rb is used as tracer in isotopic measurements of field metabolic rate (Bradshaw et al., 2007) 
84Rb is used in real-time tumor tracking system using implanted positron emission markers. Its 
half-live is comparable to the duration of a standard radiation therapy procedure. 
82mRb was proposed as a substitute for cardio-PET clinical studies due to its suitable physical 
properties (Rowshanfarzad et al., 2006) 
81Rb is used through the 81Rb/81mKr generator where the short-lived eluent is used for investigation 
of pulmonary ventilation, or before surgical investigation.  
 In the frame of a systematic study of production routes of diagnostic and therapeutic radioisotopes 
we  already made a series of measurements on excitation functions for the above mentioned  
activation products  via proton, deuteron, alpha and 3He- particle induced reactions on krypton, 
rubidium, strontium, yttrium and zirconium targets (Tarkanyi et al., 1988a; Tarkanyi et al., 1988b;   
Qaim et al., 1988;  Tarkanyi et al., 1990;  Kovacs et al., 1991;  Kovacs et al., 1991b; Fenyvesi et 
al.,1992; Kovacs et al., 1992; Qaim  et al.,1994;  Blessing et al.,  1997; Ido et al., 2002a;  Ido et 
al., 2002b; Tarkanyi et al.,  2004 ; Uddin et al., 2005;  Tarkanyi et al.,  2005;  Spahn et al., 2006;  
Uddin  et al., 2006, ;  Uddin et al., 2007; Tarkanyi  et al.,  2015).  In these works some comparisons 
of the different production routes are also discussed but recently, new experimental data and 
reviews were published (Qaim et al., 2001; Hermanne et al.,  2001;  Filosofov et al., 2010; Betak 
et al.,  2011; Zaneb et al.,  2016; Capote et al., 2016) and  we  hence compare only shortly the 
production routes of the most widely used isotopes.  
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Experimental procedure 
The cross-section measurements were performed using the activation method combining a stacked 
foil irradiation and high resolution HPGe gamma-ray spectrometry. Cross-section data were 
deduced relative to the re-measured excitation functions of monitor reactions. The stack was 
irradiated in a short Faraday cup at an external beam line of the Cyclone 90 cyclotron of the 
Université Catholique in Louvain la Neuve (LLN) for 40 min. with a 50 MeV, 50 nA deuteron 
beam.  
The stack contained a sequence of 10 blocks of Al (10 m), Sr(NO3)2 (9-55 m), Al (50 m), Er 
(32 m), Al (10 m), Ba(NO3)2 (2 m, sedimented), Al (50 m) and Ag (10 m) foils followed 
by 15 blocks of Ti (10 m), Al (10 m), Ba(NO3)2 (2 m, sedimented), Al (50 m) Ti (10 m), 
Al (10 m),  Ba(NO2) (2 m, sedimented), Al (50 m).  The 25 Ba(NO3)2 targets covered the 49.4-
9.2 MeV energy range. The thin foils were purchased from Goodfellow Ltd., the compounds used 
for sedimentation were spectroscopic grade chemical materials from our storage. The sedimented 
targets were prepared in such a way that for the calculated mass of compound powder a given 
amount of evopreme glue was dissolved in chloroform and the compound powder was added to 
this solution under continuous ultrasonic mixing. The solution was poured in a 11 mm spot with 
Al backing and incubated until the chloroform content was completely evaporated and the 
compound was sedimented. The thicknesses of the targets were determined by weight and area 
measurement, in the case of sedimented samples the stoichiometry was also taken into account.  
Four series of gamma-ray spectra were measured to follow the decay and were started at different 
times after end of bombardment (EOB): 3.9-7.1 h, 25.7-45.6 h, 92.1- 172.4 h and 1846.2- 1282.6 
h, respectively. Due to the time required for the transfer of the irradiated targets from LLN to VUB 
(where the gamma spectra measurements were done), the large number of target foils irradiated in 
our irradiation session (4 stacks) and the limited detector capacity, it was impossible to optimize 
the gamma spectra measurements for all targets regarding all produced radioisotopes. 
Gamma spectra were evaluated by the automatic fitting algorithm included in the Genie 2000 
package (Genie) or in an iterative process using the Forgamma (Szekely, 1985) codes. 
The decay data were taken from NUDAT2.6 (NUDAT2.6) and are shown in Table 1 together with 
the Q values of the contributing reactions (Qcalc). The preliminary data of the primary beam 
energy were taken from the settings of the accelerator; the beam intensity was derived from the 
Faraday cup results. The recommended data for the simultaneously re-measured excitation 
functions of the 27Al(d,x)22,24Na  and natTi(d,x)48V monitor reactions were taken from the IAEA 
database (Tarkanyi et al, 2001). The cross sections were determined using the well-known 
activation formula. Production cross sections on natSr were determined, not taking into account the 
abundance of the different naturally occurring Sr isotopes (84Sr(0.56 %), 86Sr (9.86 %), 87Sr (7.00 
%), 88Sr (82.58 %). 
Uncertainty on cross-sections was determined according to the recommendation in the ISO guide 
(Guide ISO) by taking the sum in quadrature of all individual linear contributions: beam current  
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(7%), beam-loss corrections  (max. 1.5%),  target thickness  (1%),  detector efficiency (5%),  photo 
peak area determination and counting statistics (1-20 %). The overall uncertainty hence ranges 
from 9 to 25%. 
The median energies in targets were initially (for stack preparation) obtained from a degradation 
calculation based on the incident energy and the Andersen (Andersen and Ziegler, 1977) 
polynomial approximation of stopping powers. The complete excitation functions of 
the 27Al(d,x)22,24Na (Al from cover and backing)  and natTi(d,x)48V monitor reactions were re-
measured simultaneously with the excitation functions of reactions induced on Ba targets to get 
final values for the  beam energy and intensity in the Sr targets.  If needed a corrections were 
applied based on the results of the fitted monitor reactions (final energy and intensity) (Tarkanyi 
et al., 1991). Uncertainty of energy was estimated by following the cumulative effects during the 
energy degradation of possible contributing uncertainties (primary energy, target thickness, energy 
straggling, correction for monitor reaction).  
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Table 1 Decay characteristics of the investigated reaction products  
 
Nuclide 
J 
E-level 
Decay mode 
Half-life E (keV) I(%) Contributing process Q-value (keV) 
88Y 
 4- 
β+ 100%  
106.627 d 898.0 
1836.1 
93.7  
99.2  
87Sr(d,n) 
88Sr(d,2n) 
 
4483.1 
-6629.5 
 
87mY 
9/2+ 
380.82 keV 
ε: 1.57 %  
IT:98.43 %  
13.37 h 380.8 78.1 86Sr(d,n) 
87Sr(d,2n) 
88Sr(d,3n) 
 
3559.5 
-4868.6 
-15981.3 
87gY 
1/2- 
ε: 100 % 
 +: 0.180 % 
79.8 h 388.5 
484.8 
82.2  
89.8  
86Sr(d,n) 
87Sr(d,2n) 
88Sr(d,3n) 
 
3559.5 
-4868.6 
-15981.3 
 
86gY 
4-  
14.74 h 
ε: 100 %  
+ 31.9 % 
 
14.74 h 443.1 
627.7 
703.3 
777.4 
1076.6 
1153.1 
16.9  
32.6  
15.4  
22.4  
82.5  
30.5  
86Sr(d,2n) 
87Sr(d,3n) 
88Sr(d,4n) 
 
 
-8246.9 
-16675.1 
-27787.7 
85gY 
(1/2)-  
ε: 100 %  
+  66 % 
 2.68 h  231.65 
504.44 
84  
60  
84Sr(d,n) 
86Sr(d,3n) 
87Sr(d,4n) 
88Sr(d,5n) 
2257.0 
-17759.3 
-26187.5 
-37300.1 
87mSr 
1/2- 
388.53 keV 
ε : 0.3 % 
IT : 99.7 % 
2.815 h  388.5 82.2 86Sr(d,p) 
87Sr(d,pn) 
88Sr(d,p2n) 
 
6203.6 
-2224.6 
-13337.2 
85mSr 
1/2- 
238.795 keV 
 ε: 13.4 % 
 IT : 86.6% 
67.63 min  151.2 
231.9 
12.8  
83.9 
84Sr(d,p) 
86Sr(d,p2n) 
87Sr(d,p3n) 
88Sr(d,p4n) 
85Y decay 
6300.47  
-13715.81 
-22144.0 
-33256.6 
-2257.0 
83Sr 
7/2+ 
ε: 100 % 
+ 27 % 
 32.41 h 381.5 
762.7 
14.0  
26.7 
84Sr(d,p2n) 
86Sr(d,p4n) 
87Sr(d,p5n) 
88Sr(d,p6n) 
83Y decay 
-14147.8 
-34164.1 
-42592.3 
-53704.9 
-19523.3 
82Sr 
 0+  
ε: 100 % 
 25.35 d    84Sr(d,p3n) 
86Sr(d,p5n) 
87Sr(d,p6n) 
88Sr(d,p7n) 
82Y  decay 
-23006.7 
-43023.0 
-51451.2 
-62563.8 
-31736.2 
82Rb 
1+  
ε: 100 % 
 + :95.43 % 
 1.2575 min 776.5 15.1 82Sr decay -23006.7 
 
 
86Rb 
2- 
 ε: 0.0052 
β- 100% 
 18.642 d   1077.0  8.6  86Sr(d,2p) 
87Sr(d,2pn) 
88Sr(d,2p2n) 
-3218.4 
-11646.6 
-22759.2 
84Rb 32.82 d 881.6 68.9  84Sr(d,2p) -2332.8 
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2-  
ε: 96.1% 
 β-: 3.9  % 
86Sr(d,2p2n) 
87Sr(d,2p3n) 
88Sr(d,2p4n) 
-22349.1 
-30777.3 
-42062.9 
83Rb 
5/2-  
ε: 100 %  
86.2 d  520.4 
529.6 
552.6 
 
45  
29.3  
16.0  
84Sr(d,2pn) 
86Sr(d,2p3n) 
87Sr(d,2p4n) 
88Sr(d,2p5n) 
83Sr decay 
-11092.6 
-31108.7 
-39536.9 
-50649.5 
-31736.2 
82mRb 
5- 
68.91 keV 
ε: 1001% 
 β+ 21.2 %  
6.472 h 554.4 
619.1 
698.4 
776.5 
827.8 
1044.1 
1317.4 
1474.9 
62.4  
38.0  
26.3  
84.4 
21.0  
32.1  
23.7  
15.5  
84Sr(d,2p2n) 
86Sr(d,2p4n) 
87Sr(d,2p5n) 
88Sr(d,2p6n) 
-22046.6 
-42062.9 
-50491.1 
-62217.9 
81Rb 
3/2- 
ε: 100 %  
 β+  27.2 %  
 
4.572 h  190.5 
446.2 
64.9  
23.5  
84Sr(d,2p3n) 
86Sr(d,2p5n) 
87Sr(d,2p6n) 
88Sr(d,2p7n) 
81Sr decay 
-30849.1 
-50865.4 
-59293.5 
-70406.1 
-35559.9 
 
Abundances in natSr(%): 84Sr(0.56), 86Sr (9.86), 87Sr (7.00), 88Sr (82.58) 
Increase Q-values if compound particles are emitted: np-d, +2.2 MeV; 2np-t, +8.48 MeV; n2p-3He, +7.72 MeV; 
2n2p- +28.30 MeV. 
Decrease Q-values for isomeric states with level energy of the isomer 
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Results 
The measured cross-sections for the production of 88,87m,87g,86g,85gY, 87m,85m,83g,82Sr, 86g,84g,83,82m,81Rb  
are shown in Tables 2-4 and Figures 1-15. The figures also show the theoretical results available 
in the TALYS 1.6 (Koning et al., 2012) based TENDL-2015 library (Koning et al., 2015). We are 
presenting cumulative results in several cases, when the half-life of the isomeric state decaying 
into the ground state is much sorter then that of the ground state. In this case we use the results of 
a late measurement, when the isomeric state is completely decayed out. The TENDL results are 
constructed in this case by adding the direct isomeric cross section to the direct ground state cross 
section. 
Table 2. Activation cross-sections for formation of 88,87m,87g,86g,85mY  in natSr(d,xn)  reactions. 
 
88Y 87mY 87gY 86gY 85mY 
E ∆E  ∆  ∆  ∆  ∆  ∆ 
MeV mb 
49.95 0.20 94.9 11.6 234.1 26.4 358.0 40.2 427.2 48.5   
48.06 0.25 90.2 12.9 209.2 23.7 346.6 38.9 370.2 42.1 36.6 18.6 
46.13 0.30 122.9 15.2 284.3 32.2 443.5 49.9 464.4 54.3   
44.14 0.35 135.2 17.9 283.1 31.9 473.8 53.2 435.1 49.3   
42.11 0.40 106.5 12.8 281.6 31.7 426.5 47.9 362.8 41.7 33.8 13.4 
40.01 0.45 141.1 16.7 370.9 41.7 550.3 61.8 393.7 44.6 33.9 16.2 
37.85 0.50 179.4 23.9 432.9 48.8 694.1 77.9 316.7 36.6   
35.62 0.56 179.4 21.0 544.9 61.3 804.1 90.3 269.1 30.9   
33.32 0.62 233.9 28.9 671.8 75.6 1052.4 118.2 173.8 23.6   
30.92 0.68 239.8 27.9 741.7 83.4 1090.8 122.5 114.5 15.9 18.1 17.1 
28.42 0.74 289.3 33.5 764.7 84.1 1125.3 126.4 109.9 14.3   
24.80 0.83 414.9 47.2 657.4 73.9 1024.8 115.1 117.9 15.4   
22.60 0.88 509.5 58.2 475.9 53.5 792.8 89.0 88.7 13.2   
20.29 0.94 685.8 77.4 336.5 37.9 535.1 60.1 114.9 14.7   
18.33 0.99 819.0 92.1 142.6 16.1 222.2 24.9 98.9 11.3   
16.78 1.03 871.1 98.0 92.7 10.5 147.5 16.6 91.2 11.0   
15.17 1.07 823.1 92.6 77.2 8.7 121.7 13.7 80.5 9.4   
13.48 1.11 612.8 69.0 60.5 6.9 109.3 12.3 41.6 5.2   
11.71 1.16 236.5 26.8 40.7 4.6 76.6 8.6 10.5 1.7   
9.83 1.20 10.1 1.4 4.0 0.5 8.4 1.0     
7.81 1.25 34.5 4.5 4.6 0.7 8.5 1.0     
5.64 1.31   1.4 0.2       
3.24 1.37 6.4 1.2 0.9 0.2 2.1 0.3     
0.54 1.44 2.5 0.4 0.4 0.1 0.8 0.1     
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Table 3. Activation cross-sections for formation of 85gY, 87m,85g,83g,82Sr in natSr(d,x) reactions 
 
85gY 87mSr 85gSr 83gSr 82Sr 
E ∆E  ∆  ∆  ∆  ∆  ∆ 
MeV mb 
49.95 0.20 29.4 3.4 50.0 9.1 260.9 29.3 7.4 3.1   
48.06 0.25 19.3 2.3 42.4 8.0 187.7 21.1 9.2 1.5 2.7 1.1 
46.13 0.30 16.1 2.1 52.3 9.7 192.5 21.7   2.8 1.8 
44.14 0.35 16.6 2.0 44.5 8.7 163.0 18.3 3.4 1.6 2.3 1.3 
42.11 0.40 14.2 1.8 40.3 8.5 127.0 14.3     
40.01 0.45 15.7 2.0 42.9 10.0 141.7 15.9 2.8 0.3   
37.85 0.50 16.9 2.2 34.4 9.4 155.6 17.5     
35.62 0.56 21.8 2.8 37.5 12.7 146.7 16.7 7.3 4.1   
33.32 0.62 18.0 2.3 35.4 10.9 140.7 15.9 6.5 2.3   
30.92 0.68 18.5 2.4 33.6 12.4 139.0 15.7     
28.42 0.74 20.4 2.4 25.2 9.3 122.4 13.8     
24.80 0.83 14.6 1.9 12.6 9.8 89.3 8.0     
22.60 0.88 9.0 1.2 11.4 6.6 52.7 5.9     
20.29 0.94 3.7 0.7 12.2 5.5 17.7 2.0     
18.33 0.99   13.1 3.9 8.1 0.9     
16.78 1.03   10.9 3.1 6.7 0.8     
15.17 1.07   8.3 2.61 5.3 0.6     
13.48 1.11   7.5 2.8 4.9 0.6     
11.71 1.16 0.7 0.1 6.3 2.0 4.3 0.5     
9.83 1.20   2.4 0.5 1.2 0.2     
7.81 1.25   1.8 0.5       
5.64 1.31   1.1 0.3       
3.24 1.37   0.6 0.2       
0.54 1.44           
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Table 4.  Activation cross-sections for formation of  86g,84g,83,82m, 81gRb  in natSr(d,x) reactions 
 
86gRb 84gRb 83Rb 82mRb 81gRb 
E ∆  ∆  ∆  ∆  ∆  ∆ 
MeV mb 
49.95 0.20 11.7 3.8 33.3 4.1 76.9 9.4 11.7 2.1 13.4 1.6 
48.06 0.25   29.3 3.5 70.2 9.2 15.3 2.4 11.2 1.4 
46.13 0.30 11.2 5.3 43.6 5.2 65.8 8.5 14.5 2.7 12.3 1.6 
44.14 0.35   44.8 5.3 54.6 7.7 11.6 2.1 9.7 1.3 
42.11 0.40   39.1 4.5 31.7 4.3 6.2 1.4 6.9 0.9 
40.01 0.45   46.7 5.6 21.4 3.4 9.0 1.8 6.0 1.5 
37.85 0.50   49.1 5.9 33.1 6.1 5.2 1.8 2.7 1.3 
35.62 0.56 6.9 3.1 48.6 5.6 23.2 3.5     
33.32 0.62   38.9 5.1 23.8 5.4 3.7 1.5   
30.92 0.68   36.8 4.6 17.5 3.2     
28.42 0.74   24.5 3.1 13.6 3.0     
24.80 0.83   7.3 2.3 13.6 2.6     
22.60 0.88   5.6 1.3       
20.29 0.94   4.6 1.1       
18.33 0.99   1.9 0.4       
16.78 1.03   1.4 0.4       
15.17 1.07   1.3 0.3       
13.48 1.11           
11.71 1.16           
9.83 1.20           
7.81 1.25           
5.64 1.31           
3.24 1.37           
0.54 1.44           
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The  natSr(d,x)88Y reaction 
The excitation function for production of  88Y (T1/2 = 106.627 d) is shown in Fig. 1.  The agreement 
in magnitude with the theory is acceptable, but the threshold is shifted. 
 
The natSr(d,x)87mY reaction 
The independent cross sections for formation of the metastable state of the 87mY (T1/2 = 13.37 h) 
are shown in Fig. 2 in comparison with TENDL-2015. The agreement with the theory is good, 
except between 5 and 13 MeV, where the experiment does not show so large low energy 
contribution. 
 
The natSr(d,x)87gY reaction. 
The   excitation function for production of the ground state of 87Y (T1/2 = 79.8 h) was measured 
after complete decay of isomeric state (T1/2 = 13.37 h, IT:98.43 %) and is hence cumulative. The 
theory underestimates the experimental data (Fig. 3).  
 
The natSr(d,x)86gY reaction 
The cross sections for production of ground state of 86Y (T1/2 = 14.74 h) were obtained after the 
complete decay of shorter lived isomeric state (T1/2= 47.4 min). The description by TENDL-2015 
is good (Fig. 4).  
 
The natSr(d,xn)85mY reaction 
The radionuclide 85Y has two isomeric states: the shorter-lived higher lying state  (T1/2 = 4.86 h) 
and the ground state (T1/2  =  2.68 h). They are decaying independently. We could obtain 
independent cross- section data for production of both states. Only a few cross-section points could 
be derived for the isomeric state.  According to Fig. 5 the theory overestimates the experiment. 
 11 
 
The natSr(d,xn)85gY reaction 
The cross-sections for the 85gY ground state (T1/2 = 2.68 h) were measured with acceptable statistics 
at all energy points (Fig. 6). The theory underestimates the experiment. 
 
The natSr(d,x) 87mSr reaction 
 
The cross-sections for 87mSr  (T1/2 =  2.815 h) are shown in Fig. 7. Some shift in the shape can be 
observed in comparison with the TENDL-2015 results. The metastable 87mSr is produced directly 
and through the decay of  87mY (13.37 h, ε: 1.57 %) and 87gY(79.8 h, ε: 100 %) parents. These 
indirect production paths were not taken into account in the presented TENDL curve, the good 
agreement means that the contribution of them is very low. 
 
The natSr(d,x)85gSr reaction 
The cross-section for 85gSr (T1/2 = 64.849 d) are cumulative, formation is direct and  through the 
decay of the shorter-lived isomeric state  (T1/2 = 67.63 min) and through the decay of the isomeric 
states of the parent  isotope  85mY (T1/2 = 4.86 h)  and 85gY  (T1/2 = 2.68 h) (Fig. 8). Deviation 
between experiment and theory (without indirect production paths) occurs above 40 MeV.  
  
The natSr(d,x)83gSr reaction 
The measured cumulative cross section of the 83gSr (T1/2 =  32.41 h)  ( Fig. 9) contains the decay  
contribution of the  83mSr  (T1/2 = 4.95 s, IT: 100 %) and of the parent 83Y (T1/2 = 2.85 min).  Only 
a few experimental data were obtained, which are in agreement with the theory. 
 
The natSr(d,x)82Sr reaction 
No gamma lines are emitted in the decay of 82Sr  (T1/2 =  25.35 d) therefore the production cross 
sections has to be assessed through the decay of its shorter-lived daughter 82mRb( T1/2 = 1.2575 
 12 
 
min). Only three data points were obtained (Fig. 10) fitting to the theoretical prediction. The 82Sr 
is produced directly and through the decay of 82Y (T1/2 =  9.5 s). 
 
The natSr(d,x)86gRb reaction 
 The production cross-sections of the ground state of the closed nucleus 86Rb  (T1/2 =  18.642 d)  
include the contributions of the short-lived 86mRb isomeric state  (T1/2 = 1.017 min, IT 100 %). The 
obtained few cross-sections are in good agreement with the theory (Fig. 11). 
 
The natSr(d,x)84gRb reaction 
 The 84Rb is also a closed nucleus. Here cumulative production cross-sections for the ground state 
(T1/2 = 32.82 d) after complete decay of the metastable state (T1/2 = 20.26 min, IT= 100%) are 
presented  (Fig. 12). The experimental values are a multiple of the TENDL-2015 predictions above 
20 MeV.  
 
The natSr(d,x)83gRb reaction 
The excitation function for cumulative  production of  83Rb (T1/2 = 86.2 d),  including full  decay 
of the short lived isomeric states of  83Y (m1:T1/2 = 2.85 min, ε: 60 5 %, IT: 40 5%  and m2 :T1/2 = 
7.1 min,  ε: 100 %) and  83Sr (m1: T1/2 = 4.95 s and  m2: T1/2 = 32.41 h) are shown in Fig. 13. 
  
The natSr(d,x)82mRb reaction 
The production cross sections for direct production of 82mRb  (T1/2 = 6.472 h) is shown in Fig. 14 
in comparison with the theory. The agreement is partly acceptable. 
  
The natSr(d,x)81Rb reaction 
The excitation function for cumulative production of the ground state of 81Rb (T1/2 = 4.572 h)  after 
the complete decay of the short-lived 81mRb  isomeric state (T1/2 =  30.5 min, IT = 97.6 6%)  and 
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the simultaneously produced 81Y (T1/2 = 70.4 s,  ε: 100 %) and 81Sr (T1/2 = 22.3 min,  ε: 100 %) 
parent nuclei is shown in Fig. 15.   
 
Integral yields 
 
Based on the experimentally determined cross-sections we have calculated the differential and 
integral yields of all studied produced radioisotopes. The yields are so called physical yields, 
calculated for an instantaneous irradiation (Bonardi 1987, Otuka and Takacs, 2015) (Fig. 16 and 
17). 
The calculated yields for production of 86,87m,87,88Y are compared with the experimental yield data 
measured by Dmitriev at 22 MeV,  (Dmitriev et al , 1983)  on Fig. 16 , showing large disagreements 
for 87mY and 87gY . 
 
Production 88,87,86Y and 89Sr 
We shortly discuss only the production of radioisotopes, which can be produced carrier free 
(88,87,86Y) and for which the yields of deuteron induced reactions are comparable to other 
production routes. We also include production of long-lived 89Sr, which can in principle be 
produced via a (d,p)  reaction.  Unfortunately, in spite of long spectra measurements, we could not 
get reliable cross section data with the used technology, due to the only available very weak 
gamma-line (T1/2 = 50.563 d, E= 908.960  keV,  I= 0.00956 %).  Our effort was also unsuccessful 
in our earlier investigation through alpha induced reaction on krypton (Tarkanyi  et al., 1990).  
By analyzing the nuclear data from the point of view of the applications the following conclusions 
can be deduced for the deuteron induced reactions of the above mentioned activation products. 
In all earlier practical productions of these radioisotopes neutron, proton and alpha particle induced 
reactions were used on Sr, Rb and Zr targets. The selection is based on well-known factors as the 
availability of accelerators, the production yield, the target availability, price and recovery 
problems, the carrier and radioisotopic impurity of the end-product, etc. 
Some general conclusions exist: 
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When it is possible the proton induced reactions are preferred: availability of beam in all energy 
range from commercial accelerators, the available high beam intensity, smallest energy 
degradation, and relatively high cross sections. 
Although deuterons also can be accelerated as negative ions at cyclotrons and can be extracted 
with high efficiency, the maximum energy is half of that of the protons and the energy degradation 
is higher. Beam intensities are lower, but the cross sections are often comparable to those of proton 
induced reaction. Especially the (d,2n) reaction for middle mass targets is more productive then 
the (p,n).  Also the (d,n) and (d,p) reactions make such radioisotopes available that cannot be 
produced with protons. 
The alpha induced reactions are only practical when proton or deuteron reactions are not allowing 
the aimed route for production (only a limited number of interesting radionuclides). A limited 
number of accelerators with alpha option exist and their number is decreasing. The -reaction 
cross-sections are moderate, the beam intensity is low and the energy degradation is high. 
The comparison of the excitation functions for direct production of 88,87,86Y and 89Sr by different 
incident particles are shown in Fig. 18-21. Cross-section data are based on TENDL-2015 library, 
compared and cross checked with the available literature experimental data. 
 Long-lived 88Y (T1/2 = 106.627 d) can be produced directly through the 88Sr (p,n), 88Sr 
(d,2n), 85Rb(,n), 87Rb(3He,2n)88Y  routes and through decay of its  long half-life  88Zr (T1/2 = 83.4 
d) parent isotope formed in following reactions: 89Y(p,2n)88Zr(88Y), 89Y(d,3n)88Zr(88Y),  
natZr(p,x)88Zr(88Y),  natZr(d,x)88Zr(88Y). 
Here we compare only the direct production routes (Fig. 18). The presently investigated 88Sr(d,2n) 
has a production yield comparable to the 88Sr(p,n) reaction, but it requires a higher energy 
cyclotron and additionally a  small amount of contaminating  stable 89Y is produced. The (n) and 
(3He,2n) have significantly lower yield and are of no practical importance. 
The radionuclide 87Y (T1/2 = 13.37 h) can be produced directly through the 88Sr(p,2n), 86Sr(d,n), 
87Sr(d,2n), 85Rb(,2n), 85Rb(3He,n) routes and through the decay of its shorter half-life 87Zr (T1/2 
= 1.68 h) parent isotope obtained through the following reactions: 89Y(p,3n)87Zr (87Y), 
89Y(d,4n)87Zr(87Y), natZr(p,x), natZr(d,x), 89Y(p,3n)87Zr (87Y). Here we compare only the direct 
production routes (Fig. 19).  
Only the 87Sr(p,n) and 86Sr(d,n) reactions are, where no long half-life 88Y is simultaneously 
produced, but the yield of the (d,n) is significantly lower. If contamination is not so important, the 
88Sr(p,2n) and 87Sr(d,2n) reactions are the most productive. The 88Sr(d,3n) also has high yield but 
requires higher energy machine. In spite of the interesting cross-sections the 85Rb(,2n) reaction 
has lower yield due to the higher energy degradation. 
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The 86Y (T1/2 = 14.74 h) can be produced directly through the 86Sr(p,n), 87Sr(p,2n)  86Sr(d,2n), 85Rb 
(,3n), 85Rb(3He,2n)  reactions and through decay of its shorter half-life parent isotope 86Zr (T1/2 
= 16.5 h) using the natZr(p,x), natZr(d,x), 89Y(p,4n)86Zr (86Y) reactions (Fig. 20). 
The (p,n) production results  in a high radionuclidic purity, carrier free product. In case of all other 
reactions 87Y is simultaneously produced and in case of (3n) also 88Y. The production yields are 
the highest for the proton and deuteron induced reactions. 
The 89Sr can be produced carrier free via the widely used 89Y(n,p) reaction and  by using 86Kr(,n) 
(Fig. 21).  In case of 88Sr(n,) and 88Sr(d,p) the product is carrier added. 
 
Summary and conclusion 
We report experimental cross-sections for the nuclear reactions natSr(d,x)88,87m,87g,86g,85gY,  
87m,85g,83g,82Sr and 86g,84g,83,82m,81gRb  up to 50 MeV deuteron  energies. Our study makes available 
the first experimental activation data sets for all products. The comparison with the TENDL-2015 
library shows acceptable agreement in most cases, taking into account the well-known complexity 
of the description for deuterons. 
The possible use of deuteron induced reactions for production of 88,87,86Y and 89Sr was discussed 
in comparison with other production routes. It is shown that for these selected radionuclides 
deuteron induced reactions are of practical importance.  
 
 
  
 16 
 
References  
H. H. Andersen, J. F. Ziegler, 1977, 
The Stopping and Ranges of Ions in Matter, Hydrogen Stopping Powers and Ranges in all 
Elements, Vol. 3, Pergamon Press, 1977 
 
E. Betak, A.D. Caldeira, R. Capote, B.V. Carlson, H.D. Choi, F.B. Guimaraes, A.V. Ignatyuk, 
S.K. Kim, B. Kiraly, S.F. Kovalev, E.Menapace, F.M. Nortier, P. Pompeia, S.M. Qaim, B. 
Scholten, Yu.N. Shubin, J.-Ch. Sublet, F. Tarkanyi, A. L. Nichols,2011,  
Nuclear Data for the Production of Therapeutic Radionuclides. Technical editors: Qaim, S.M., 
Tárkányi F., Capote, R. (Technical Reports Series 473).  
Vienna, IAEA  (2011)1-377 
G. Blessing, F. Tárkányi , S. M. Qaim, 1997,  
Production of 82mRb via the 82Kr(p,n)-process on highly enriched 82Kr: a remotely controlled 
compact system for irradiation, safe handling and recovery of the target gas and isolation of the 
radioactive product.  
Applied Radiation and Isotopes 48 (1997)37-43. 
 
 M. Bonardi, 1988, 
“The contribution to nuclear data for biomedical radioisotope production from the Milan 
cyclotron facility”,  
Proc. Consultants Meeting on Data Requirements for Medical Radioisotope Production, Tokyo, 
Japan, 1987 (Okamoto, 
K., Ed.), Rep. INDC(NDS-195/GZ, IAEA, Vienna, pp. 98-112. 
 
S. D. Bradshaw and F. J. Bradshaw, 2007 
Isotopic Measurements of Field Metabolic Rate (FMR) in the Marsupial Honey Possum 
(Tarsipes rostratus)  
Journal of Mammalogy 88, No. 2, 401-407  
 
R. Capote, A. L. Nichols , F. M. Nortier , B. V. Carlson , J. W. Engle , A. Hermanne , M. 
Hussain , A. V. Ignatyuk , M. A. Kellett, T. Kibédi, G. Kim , F. G. Kondev, O. Lebeda, A. Luca , 
H. Naik, Y. Nagai, I. Spahn, S. V. Suryanarayana, F. T. Tárkányi  M.. Verpelli, 2016, 
 IAEA coordinated research project on nuclear data for charged-particle monitor reactions and 
medical isotope production  
EPJ Web of Conference (submitted, 2016) 
 
P. P. Dmitriev, N. N. Krasnov, G. A. Molin, 1983, 
Yields of radioactive nuclides formed by bombardment of a thick target with 22-MeV deuterons 
INDC(CCP)-210/L (1983) 
 17 
 
 
A. Fenyvesi A. ,  F. Tárkányi , I.  Mahunka ,T.  Molnár , F.  Szelecsényi ,  Z. Szûcs ,  Cs. Béres, 
1992,  
Production of 43K and 81,82m,83,84Rb isotopes at the Debrecen cyclotron for ecological purposes.  
Proceedings of the International Symposium on Ecological Approaches of Environmental 
Chemicals, 15-17 April,1992, Debrecen, Hungary. Eds: I. Mészáros, et al. Neuherberg, GSF-
Forschungszentrum für Umwelt und Gesundheit, GmbH. GSF-Bericht 4/92  (1992)63 
 
D. V.  Filosofov,  M. Garland,. K. D. Oak John, F.F.  Jr.  Knapp, R. Kuznetsov, L. Mausner,  
S. Mirzadeh, M. R. A Pillai,. B. Ponsard, F.Roesch, T. J. Ruth, S.K. Samanta, 2010,  
Production of long lived parent radionuclides for generators : 68Ge, 82Sr, 90Sr and 188W 
IAEA Radioisotopes and Radiopharmaceuticals No. 2 
International Atomic Energy Agency, Vienna, 2010 
 
Genie 2000 
http://www.canberra.com/products/radiochemistry_lab/genie-2000-software.asp 
 
 
Guide ISO,1993, 
Guide to expression of uncertainty in measurements, ISO Geneva, ISBN 92-10188-9 (1993). 
A. Hermanne, K. Gul, M. G .Mustafa, M. Nortier, P. Oblozinsky.  S. M. Qaim, B. Scholten, Yu. 
N. Shubin, F. Tárkányi, S. Takács , Z.Youxiang , 2001, 
Production cross-sections for diagnostic radioisotopes (Chapter 5). Gamma emitters (5.1).  
Charged particle cross-section database for medical radioisotope production: diagnostic 
radioisotopes and monitor reactions. Vienna, IAEA. IAEA-TECDOC-1211. 
(http://www.nds.or.at/medical)(e)  (2001)153-233  
 
T. Ido, A. Hermanne, F. Ditrói, Z. Szûcs, I. Mahunka, F. Tárkányi, 2002a,  
Re-measurement of the excitation function of the 85Rb(p,4n)82Sr nuclear reaction near the 
threshold: relevance to the production of a 82Sr(82Rb) generator system with a medium energy 
cyclotron.  
Journal of Nuclear Science and Technology, Supplement 2 (2002)1310-1313. 
 
T. Ido, A. Hermanne, F. Ditrói, Z. Szûcs, I. Mahunka, F. Tárkányi, 2002b, 
Excitation functions of proton induced nuclear reactions on natRb from 30 to 70 MeV. 
Implication for the production of 82Sr and other medically important Rb and Sr radioisotopes.  
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms 194 (2002)369-388.  
 
 18 
 
J.  Koning , D. Rochman, 2012,   
Modern nuclear data evaluation with the TALYS code system  
Nuclear Data Sheets 113 (2012) 2841-2934 
 
A. J. Koning, D. Rochman, J. Kopecky, J. Ch. Sublet, E. Bauge, S. Hilaire, P. Romain, B. 
Morillon, H. Duarte, S. van der Marck, S. Pomp, H. Sjostrand, R. Forrest, H. Henriksson, O. 
Cabellos, S. Goriely J. Leppanen, H. Leeb, A. Plompen, R. Mills, 2015, 
TENDL-2015: TALYS-based evaluated nuclear data library", 
https://tendl.web.psi.ch/tendl_2015/tendl2015.html 
 
 
Z. Kovács, F. Tárkányi , S. M. Qaim., G.Stöcklin, 1991a,  
Excitation functions for the formation of some radioisotopes of Rubidium in proton induced 
nuclear reactions on nat-Kr,82Kr and 83Kr with special reference to the production of  81Rb(81mKr) 
generator radionuclide.  
International Journal of Radiation Applications and Instrumentation Part "A": Applied Radiation 
and Isotopes  42(1991)329-335  
 
 
Z. Kovács, F. Tárkányi  , S. M. Qaim, G. Stöcklin:, 1991b, 
Production of 6.5h 82mRb via the 82Kr(p,n)-process at a low-energy cyclotron - A potential 
substitute for 82Rb.  
International Journal of Radiation Applications and Instrumentation Part "A": Applied Radiation 
and Isotopes 42 (1991)831-834  
Z. Kovács, F. Tárkányi, S. M. Qaim, G. Stöcklin, 1992, 
Cross sections of proton induced nuclear reaction on Kr gas relevant to the production of 
medically important radioisotopes 81Rb and 82mRb.  
Nuclear Data for Science and Technology. Proceedings of an International Conference, held at 
the Forschungszentrum Jülich, FRG, 13-17 May 1991. Ed.:S.M.Qaim. Berlin, Springer-
Verlag  (1992)601-602 
 
NuDat 2.6,  http://www.nndc.bnl.gov/nudat2 NuDat 2.6 database, Data source: National Nuclear 
Data Center, Brookhaven National Laboratory, based on ENSDF and the Nuclear Wallet Cards, 
available from <http://www.nndc.bnl.gov/nudat2/>.  
 
N.  Otuka,  S. Takács , 2015,  
Definitions of radioisotope thick target yields 
 19 
 
Radiochim. Acta 103 (2015) 1–6 
 
QCalc  
B. Pritychenko , A. Sonzogni: 
Q-value Calculator (QCalc) 
National Nuclear Data Center, Brookhaven National Laboratory,  Q-value calculator 
(QCalc).http://www.nndc.bnl.gov/qcalc/〉 
 
 
S. M. Qaim, F. Tárkányi, A. Mustaq, G. Stöcklin ,1988, 
 Excitation functions for the production of positron emitting radionuclides 82Sr(82Rb) and 73Se.  
Proceedings of the International Conference on Nuclear Data for Science and Technology. Mito, 
30 May-3 June, 1988,  Mito  (1988)1083-1086  
 
S. M. Qaim, F. Rösch, B. Scholten , G. Stöcklin, Z. Kovács, F. Tárkányi, 1994,  
Nuclear data relevant to the production of medically important beta+ emitting radioisotopes 
75Br, 86Y, 94mTc and 124I at a small cyclotron.  
Proceedings of the International Conference on Nuclear Data for Science and Technology. 
Gatlinburg, TN, USA, 9-13 May,1994. Ed.:J.K.Dickens. La Grange Park, American Nuclear 
Society, Inc. (1994)1035-1038  
 
S. M. Qaim, F. Tárkányi, S.Takács, A. Hermanne , M. Nortier, P. Oblozinsky, B. Scholten , Yu. 
N. Shubin, Z.Youxiang, 2001,  
Production cross-sections for diagnostic radioisotopes (Chapter 5). Positron emitters (5.2).  
Charged particle cross-section database for medical radioisotope production: diagnostic 
radioisotopes and monitor reactions. Vienna, IAEA. IAEA-TECDOC-1211. 
(http://www.nds.or.at/medical)(e) (2001)234-285. 
P. Rowshanfarzad, A.R. Jalilian, M. Kiyomarsi, M. Sabet, A.R. Karimian, S. Moradkhani,  
M. Mirzaii, 2006 
Production, quality control and initial imaging studies of [82mRb]RbCl for PET studies 
NUKLEONIKA 51(4) 209 
 
 
I. Spahn, M. Al-Abyad, K. Hilgers , S. Sudár, F. Tárkányi , S. M. Qaim, H. H.  Coenen, 2006,  
Nuclear reaction data for new production routes of the therapeutic radionuclides 32P, 89Sr, 
153Sm, 169Yb and 192Ir.  
7th International Symposium on Technetium in Chemistry and Nuclear Medicine. Bressanone, 
Italy, 6-9 Sept., 2006. Proceedings. Ed.: U. Mazzi. Padova, S.G.E.P. (2006)577-0. 
 20 
 
G. Szekely. 1985,  
Fgm - a flexible gamma-spectrum analysis program ´for a small computer. 
Computer Physics Communications  34 (1985) 313–324. 
 
F.Tárkányi, S. M. Qaim, G. Stöcklin,1988a, 
Excitation functions of 3He- and alpha-particle induced nuclear reactions on natural krypton: 
production of 82Sr at a compact cyclotron.  
International Journal of Radiation Applications and Instrumentation Part "A": Applied Radiation 
and Isotopes 39 (1988)135-143. 
 
F. Tárkányi, S. M. Qaim, G.Stöcklin, 1988b,  
Production of 82Sr via the 82Kr(3He,3n) process at a compact cyclotron (abstr.:Journal of 
Labelled Compounds and Radiopharmaceuticals, 26,1989,153-154).  
Proceedings of the 7th International Symposium on Radiopharmaceutical Chemistry , 
Groningen, The Netherlands, 4-8 July, 1988. Groningen  
 F. Tárkányi, S. M. Qaim, G. Stöcklin, 1990, 
Excitation functions of high-energy 3He- and alpha-particle induced nuclear reactions on 
natural krypton with special reference to the production of 82Sr.  
International Journal of Radiation Applications and Instrumentation Part "A": Applied Radiation 
and Isotopes 41 (1990)91-95  
F. Tárkányi, F. Szelecsényi, S. Takács, 1991, 
Determination of effective bombarding energies and fluxes using improved stacked-foil technique.  
Acta Radiologica,  Supplementum 376 (1991) 72 
 
F. Tárkányi, S. Takács, K. Gul, A. Hermanne, M. G. Mustafa, M. Nortier, P. Oblozinsky, S. M. 
Qaim, B. Scholten, Yu. N. Shubin, Zhuang Youxian, 2001, 
Beam Monitor Reactions (Chapter 4), in: Charged Particle Cross-Section Database for Medical 
Radioisotope Production: Diagnostic Radioisotopes and Monitor Reactions, IAEA-TECDOC-
1211, Vienna, 2001, pp. 49-152  
http://www-nds.indcentre.org.in/reports-new/tecdocs/iaea-tecdoc-1211.pdf. 
http://www-nds.iaea.org/medical/monitor_reactions.html 
 
F. Tárkányi, A. Hermanne, S.Takács, F. Ditrói, A. I. Dityuk, Yu. N. Shubin, 2004,  
Excitation functions for production of radioisotopes of niobium, zirconium and yttrium by 
irradiation of zirconium with deuterons.  
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms 217 (2004)373-388 
 21 
 
F. Tárkányi, F. Ditrói, S. Takács, Gy. Csikai, I. Mahunka , M. S. Uddin, M. Hagiwara, M. Baba, 
T. Ido, A. Hermanne , M. Sonck, Yu. N. Shubin, A. I. Dityuk, 2005,  
Excitation funcitions for production of 88Zr and 88Y by proton and deuteron irradiation of Mo, 
Nb, Zr and Y.  
International Conference on Nuclear Data for Science and Technology. Santa Fe, NM, USA, 26 
Sept. - 1 Oct., 2004. Proceedings. Eds: Haight, R.C., Talou, P., Kawano, T. et al. AIP (AIP 
Conference Proceedings 769 (2005)1658-1661  
 F. Tárkányi, F. Ditrói, S. Takács, A. Hermanne, M. Al-Abyad , H. Yamazaki, M. Baba, A. 
Mohammadi, 2015,  
New activation cross section data on longer lived radio-nuclei produced in proton induced 
nuclear reaction on zirconium.  
Applied Radiation and Isotopes 97 (2015)149-169. 
M. S. Uddin, M. Hagiwara, M. Baba , F. Tárkányi , F. Ditrói , 2005,  
Experimental studies on excitation functions of the proton-induced activation reactions on 
yttrium.  
Applied Radiation and Isotopes 63 (2005)367-374. 
M. S. Uddin, M. Baba, M. Hagiwara, F. Tárkányi , F. Ditrói, 2006, 
Experimental study of the deuteron-induced activation reactions on yttrium.  
Application of Radiotracers in Chemical, Environmental and Biological Sciences. ARCEBS 06. 
Kolkata, India, 23-27 Jan., 2006. Proceedings. Eds: S. Lahiri, D. Nayak, A. Mukhopadhyay. 
Kolkata, Saha Institute of Nuclear Physics 2 (2006)69-70. 
M. S. Uddin, M. Baba, M. Hagiwara, F.Tárkányi , F. Ditrói, 2007, 
Experimental determination of deuteron-induced activation cross sections of yttrium.  
Radiochimica Acta 95 (2007)187-192. 
G.A. Wiseman, C.A.White, T.E. Witzig, L.I. Gordon, C. Emmanouilides, A. Raubitschek, N. 
Janakiraman, J. Gutheil, R.J. Schilder, S. Spies, D.H. Silverman, A.J.Grillo-López, 1999 
Radioimmunotherapy of relapsed non-Hodgkin's lymphoma with zevalin, a 90Y-labeled anti-
CD20 monoclonal antibody 
Clin Cancer Res. 5(10 Suppl) 3281 
 
H. Zaneb, M. Hussain, N. Amjed, S.M. Qaim, 2016, 
Evaluation of nuclear reaction cross section data for the production of 87Y and 88Y via proton, 
deuteron and alpha-particle induced transmutations 
Applied Radiation and Isotopes 112 (2016)69–79 
 
  
 22 
 
Figures 
 
Fig. 1. Excitation function of the natSr(d,x)88Y reaction 
 
Fig. 2. Excitation function of the natSr(d,x)87mY reaction 
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Fig. 3. Excitation function of the natSr(d,x)87gY reaction 
 
Fig. 4. Excitation function of the natSr(d,x)86gY reaction 
 24 
 
 
Fig. 5. Excitation function of the natSr(d,x)85mY reaction 
 
Fig. 6. Excitation function of the natSr(d,x)85gY reaction 
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Fig. 7. Excitation function of the natSr(d,x)87mSr reaction 
 
Fig. 8. Excitation function of the natSr(d,x)85mSr reaction 
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Fig. 9. Excitation function of the natSr(d,x)83gSr reaction 
 
Fig. 10. Excitation function of the natSr(d,x)82Sr reaction 
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Fig. 11. Excitation function of the natSr(d,x)86mgRb reaction 
 
Fig. 12. Excitation function of the natSr(d,x)84gRb reaction 
 28 
 
 
Fig. 13. Excitation function of the natSr(d,x)83gRb reaction 
 
Fig. 14. Excitation function of the natSr(d,x)82mRb reaction 
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Fig. 15. Excitation function of the natSr(d,x)81mgRb reaction 
 
Fig 16. The calculated yields for production of  86,87m,87g,88Y, compared with the experimental 
yield  
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Fig 17. The calculated yields for production of  85gY, 87m,85gSr and  84g,83,82m,81gRb 
 
Fig. 18 Comparison of cross-sections (TENDL-2015) for direct production routes of 88Y 
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Fig. 19.  Comparison of cross-sections (TENDL-2015) for  direct production routes of 87Y 
 
Fig. 20. Comparison of cross-sections (TENDL-2015) for direct production routes of 86Y 
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Fig. 21. Comparison of cross-sections (TENDL-2015) for direct production routes of 89Sr 
 
 
 
 
 
 
 
